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Abstract 
 
Aim 
 
The aim of this study was to investigate the distribution patterns of glial networks 
disclosed by reactivity for glial fibrillary acidic protein (GFAP) and  S100B in 
caries-free and carious human teeth. This was done In order to determine the 
assembly and collapse of glial networks in response to encroaching infection. 
 
Methods 
Fifteen caries-free and 37 adult human carious posterior teeth were studied. 
Immediately after extraction, teeth were cleaned and vertically split and the half 
with pulp fixed and prepared for resin or frozen sections. The sections were 
stained with toluidine blue and for immuno-fluorescence, with observation by 
confocal laser microscopy and analysis by ImageJ software. Carious teeth were 
subdivided into 3 groups according to degree of carious involvement: microbial 
penetration through enamel with minimum extension into dentine (Stage A), more 
extension into dentine (Stage B) and advanced penetration into dentine but without 
invasion of underlying pulp tissue (Stage C). 
   Abstract 
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Results 
In Stage A lesions there was marked increase in glial networks in dental pulp tissue 
that extended beyond the zone of microbial invasion. This response was maintained in 
Stage B lesions. In advanced Stage C lesions these networks were degraded in the 
zone of invasion in association with failure to contain infection.  
 
Conclusion 
Cells expressing glial markers GFAP and S100B showed a response to initial 
microbial invasion of dentine by increase in number and altered anatomical 
arrangement. The late stage of dentinal caries was marked by collapse of these 
networks in the region adjacent to advancing bacteria. This behaviour is important for 
understanding and explaining the defensive response of the neurosensory peripheral 
dental pulp apparatus to infection.  
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Introduction 
Earlier histological studies indicated that enamel caries could induce 
morphological changes in odontoblasts and dental pulp (Langeland 1987; Bjorndal 
and Darvann 1999; Nyvad and Fejerskov 1997). However, there is incomplete 
understanding of pulp reaction to stages of lesion progression. When the carious 
process penetrates into dentine, the dentine-pulp complex is stimulated to form 
sclerotic dentine as a defensive mechanism (Bjorndal and Mjor 2001). Reactionary 
dentine and reparative dentine are two strategies used by the dentine–pulp 
complex to respond to injury (Nanci 2008). Reactionary dentine is formed by the 
original odontoblast population while reparative dentine is secreted by 
odontoblast-like cells recruited from other pulp cell populations. In some affected 
teeth, microbial invasion of dentine is, apparently, associated with death of 
odontoblasts followed by replacement by odontoblast-like cells, postulated to 
originate from uncharacterised pulp cells (Magloire et al., 1992). However, this 
response was not prominent in any of the teeth analysed for the present study. 
Growth factors present in dentine, and released during the carious process, may 
be important in initiating defensive mechanisms in the pulp-dentine structure 
(Furey et al., 2010). 
Dental pulp has been shown to be sensory in nature, accounting for the 
discrimination of hardness and softness that is perceived during mastication 
(Paphangkorakit and Osborn 1998a). Functional changes to bacterial invasion of 
dentine are compatible with responses to noxious stimuli evident in neural crest-
derived sensory tissues (Wang et al., 2012).  
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While it is accepted that odontoblasts are primarily responsible for synthesis and 
maintenance of calcified dentinal matrices (Byers et al., 2003), the origin of these 
cells has remained relatively obscure. 
Recent analysis has disclosed the periphery of the human dental pulp to comprise 
a typical neurosensory structure including: odontoblasts, defined as neurosensory 
cells by analysis of gene expression profile; glial elements, and an adjacent blood-
barrier microvasculature (Farahani et al., 2011). Some of the molecular signaling 
mechanisms that regulate development and maturation of sensory nerve fibers 
within the dental pulp odontoblast layer have been described in detail (Fried et al., 
2000; Luukko et al., 2005; Koussoulakou et al., 2009). Inter-odontoblastic 
connections are mediated via gap junctions (Iguchi et al., 1984) resulting in a 
functional network (Ushiyama 1989; Ikeda and Suda 2006). Odontoblasts, as 
functional units of this network, exhibit sensory activity and electrical excitability 
(Allard et al., 2006). These sensory properties of odontoblasts are partly 
attributable to expression of various ion channel proteins (Okumura et al., 2005), 
voltage-gated sodium channels (Allard et al., 2006), and potassium and chloride 
channels (Guo and Davidson 1998). Accumulating evidence highlights an under-
emphasized sensory aspect of dental pulp that is obscured by the dentinogenic 
activity of odontoblasts. 
In caries-free teeth glial cells with the gene expression profile characteristics of 
radial glial cells of the central nervous system were detected as strongly reactive 
for GFAP and demonstrating a bipolar morphology extending from the 
odontoblasts to the underlying vasculature (Farahani et al., 2011). Within the 
central nervous system radial glia function as precursors of both astrocytic glia and 
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neurons (Sild 2011). An analogous role in dental pulp would imply that dental pulp 
stem cells can differentiate into astrocyte-like glia, neuronal cells and odontoblasts 
(Gronthos et al., 2000; Petrovic and Stefanovic 2009). However, human dental 
pulp stem cells only differentiate into neural precursors but not into mature 
functional neurons (Aanismaa et al., 2012). 
Another major population detected were heavily branched cells strongly reactive 
for S100B and with a gene expression profile typical of mature astrocytes of the 
central nervous system (Dourou et al., 2006). These cells formed intimate 
attachments to the underlying microvasculature that was characterised as 
possessing morphological characteristics including extensive pericytic investment, 
multiple inter-endothelial tight junctions and endothelial gene expression profile, 
typical of blood-brain barrier microvasculature (Farahani et al., 2011).  
In caries-free teeth lining odontoblasts that secrete the organic matrix of dentine 
demonstrate intercellular junctional complexes and extend long processes strongly 
reactive for the intermediate filament proteins vimentin (Lombardi et al., 1992) and 
nestin (About et al., 2000), considered a developmental marker, through tubular 
dentine to approach the enamel layer. In response to degradation of dentine 
matrix and subsequent polymicrobial invasion (Hahn and Liewehr 2007; 
Veerayutthwilai et al., 2007), odontoblast secretion patterns are markedly altered 
to produce a new dentine matrix termed reactionary dentine. The helical structure 
of the tubules in reactionary dentine matrix appears to impede bacterial invasion 
along patent dentinal tubules and is therefore considered protective (Charadram et 
al., 2013). Of note, reactionary dentine is deposited in a gradient decreasing in 
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depth according to distance from the zone of microbial invasion. This response is 
mediated by odontoblasts that paradoxically down-regulate inter-odontoblastic 
junctions but that show extensive gap junction formation with adjacent glial cells 
(Farahani et al., 2010). Accordingly, it is proposed that glial networks control the 
gradient response of reactionary dentine formation.  
Glial cells are connected to nervous networks found throughout the mammalian 
gut which are functionally, structurally and histologicaly comparable to the central 
nervous system (Jessen and Mirsky 1980). Glial fibrillary acidic protein is an 
intermediate filament (IF) protein expressed by glia of the central nervous system 
(CNS) (Oshima 2007; Farahani et al., 2010). Also, GFAP interacts with S100B 
through hetero-dimerization and is required for the extension of glial processes in 
the central nervous system (Lowenstein et al., 2007). In this regard GFAP 
maintains mechanical properties of astrocytes (Julien and Mushynski 1998).  
In caries-free teeth glial cells with the gene expression profile characteristics of 
radial glial cells of the central nervous system were detected as strongly reactive 
for GFAP. These cells demonstrated a bipolar morphology extending from the 
odontoblast layer to the underlying vasculature (Farahani et al., 2011). Another 
major population detected were heavily branched cells strongly reactive for S100B 
and with a gene expression profile typical of mature astrocytes of the central 
nervous system (Farahani et al., 2011). An increased density of processes 
immunoreactive for S100B was observed in pulps of carious teeth compared to 
caries-free teeth (Dourou et al., 2006). Strong expression of the intermediate 
filament protein vimentin was noted in pulp tissue (Murakami et al., 2012), 
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indicating the usefulness of this marker as a reference for changes associated with 
progressive caries. Type IV collagen is an important Protein of vascular basement 
membranes and serves as a marker to outline vascular profiles in dental pulp 
(Fried et al., 1992).  
A characteristic angiogenic response supported by markedly re-arranged glial 
networks resulted in the directional extension of anastomosing vascular loops 
towards the odontoblasts. There was evidence that by relieving hypoxic stress the 
vascular response supported altered biochemical activity of odontoblasts required 
for synthesis of reactionary dentine (Farahani et al., 2012; Couve et al., 2013).  
Cursory microscopic observation indicated that continued microbial penetration of 
dentinal tubules, resulting in invasion of pulp tissue, was associated with failure of 
the odontoblast-glial network response. This was also associated with evidence for 
inflammatory changes in the central pulp (Nyvad and Fejerskov 1997), including 
leukocyte infiltration (Nadkarni et al., 2010). 
The objective of the present investigation was to comprehensively map the 
distribution and density of glial networks formed in response to staged penetration 
of bacteria through dentine.  
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2.1 Introduction 
The adaptive response of dental pulp to carious insult is stimulated by bacterial 
invasion of tooth matrices (Nadkarni et al., 2010). Glial changes associated with 
carious lesions can be visualised by analysing expression of GFAP and S100B 
(Farahani et al., 2010). The odontoblast-glial-microvascular complex demonstrates 
profound changes in response to microbial invasion of dentine in the extension of 
the carious process (Farahani et al., 2012). 
 
2.2 Tooth structure 
A mature human tooth has three parts; crown, neck and root (Nanci 2008). 
Mineralised components include enamel, dentine and cementum together with 
non-mineralised pulp tissue (Nanci 2008) (Figure 2.1).  
 
 
 
 
 
 
 
                         Figure 2. 1. Cross section of an adult human molar 
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2.2.1 Enamel and cementum 
Enamel consists of 96% of biological apatite crystallites. Enamel is hard, acellular, 
avascular and the most mineralised tissue in the body (Zavgorodniy et al., 2008). 
Mineral density of enamel is 26 fold higher than other collagen-based calcified 
structures such as dentine (Zavgorodniy et al., 2008). Ameloblasts are responsible 
for producing the organic matrix of enamel during development (Nanci et al., 
1993). Cementum covering the root surface comprises a collagenous organic 
matrix and 50% by weight of mineralised apatite crystals (Zavgorodniy et al., 
2008). 
2.2.2 Dentine 
The organic matrix of dentine is composed of collagen fibres and non-collagenous 
proteins (Zavgorodniy et al., 2008). During primary dentinogenesis, differentiated 
odontoblasts secrete collagen, which provides the framework for apatite crystal 
deposition in dentine (Lee et al., 2006). Dentine, as a connective tissue 
incorporates odontoblast processes inside dentinal tubules. Dentine and pre-
dentine are intersected by tubules, which extend from the enamel border to the 
pulp in the coronal part of the tooth (Nanci 2008). Related to the remarkable 
tubular structure, dentine acts as a portal for bacteria and bacterial products 
(Zavgorodniy et al., 2008). It has been argued that the permeability of dentine in a 
carious tooth is increased significantly compared to a caries-free tooth (Pekkala et 
al., 2000a & b). Additionally, growth factors present in dentine, which are released 
during the carious process, are important in initiating defensive mechanisms in 
dental pulp (Tziafas and Kodonas 2010) (Figure 2.2). 
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Figure 2. 2. Structure of dentine in A and B. DT: Dentine, PD: Pre-dentine, OD: 
odontoblast (white arrow), CF: cell free zone CR: cell rich zone. Black arrow: 
odontoblast process within tubule. White arrow: odontoblasts are connected by 
desmosome-like structures.  
 
2.2.3 Dental pulp 
There are three stages in tooth formation: initiation, morphogenesis and 
differentiation. Human dental pulp is encased in a dentinal matrix that is secreted 
by odontoblasts derived from cranial neural crest (Chai et al., 2000). The dental 
pulp includes diverse populations of cells; also blood vessels, nerves, and 
interstitial fluid (Pekkala et al., 1998). The dental pulp is attached to dentine in 
such a way that physiological and pathological effects in one of the tissues could 
involve the other (Zavgorodniy et al., 2008).  
Pre-odontoblasts originate from neural crest precursors, and migrate from the 
central region of embryonic pulp mesenchyme towards the periphery (Figure 2.2). 
Mineralised dentine together with the pulp tissue forms the dentine-pulp complex 
A B 
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which is responsible for the formation and maintenance of the tooth (Gronthos et 
al., 2000; Zavgorodniy et al., 2008). 
 
2.3 Dentinogenes 
 
Dentinogenesis is a two-step process comprising the formation of the organic pre-
dentine and its mineralisation (Tamaki et al., 2013). Primary dentine forms the 
main body of dentine during tooth formation up to the point where it erupts into the 
mouth and becomes fully functional (Zilberman and Smith 2001). The process of 
dentine deposition slows at this point although odontoblasts continue to 
produce secondary dentine after root formation is completed.   
In a recently erupted tooth, pulp is characterised by a rich in cell and poor in fibre 
situation. Dental pulp has been shown to be sensory in nature, accounting for the 
discrimination of hardness and softness that is perceived during mastication 
(Paphangkorakit and Osborn 1998b). This is based on the ability of dental 
mechano-receptors to identify different vibratory frequencies in the cranio-
mandibular complex.  
 
2.4 Theories of dental caries development  
 
Dental caries typically develops in response to acid produced by bacteria as they 
metabolise sugars in the mouth (Chandra 2007). There are three theories 
regarding the development of dental caries: the Acidogenic theory, the Proteolytic 
theory and the Proteolysis Chelation theory. The Acidogenic theory proposes a 
Chapter II, Literature review 
 
    23 
 
two-stage process. The first stage is the decalcification of dental enamel. The 
second stage is the dissolution of the softened enamel and penetration of the 
lesion into dentine. The entire process of caries formation and development is 
considered to be a consequence of carbohydrate metabolism by microorganisms 
present in dental plaque (Chandra 2007) .  
The Proteolytic theory emphasises the importance of the organic matrices of the 
tooth including that of enamel. Degradation of organic material provides conduits 
for microbial invasion (Chandra 2007). 
According to the Proteolysis Chelation theory, bacterial attack on the surface of 
enamel is initiated by proteolytic action (Pekkala, et al., 1998).This results in the 
breakdown of the proteins and the formation of soluble chelating agents that 
decalcify enamel even at neutral pH (Zilberman and Smith 2001). 
Dental caries is usually polymicrobial in nature, with lesions typically containing 
between 7-31 taxa (Sandor, Low et al. 1998). Bacterial invasion through enamel 
stimulates reactionary dentine by odontoblasts.  
 
2.5 Caries classification 
 
Black’s classification (Table 1) of dental caries is based on anatomical location 
(Black 1908). Class I caries is found in occlusal areas and buccal or lingual pits. 
Class II caries occurs in the interproximal region of the tooth. Class III indicates 
the presence of dental caries in the anterior interproximal of the tooth, while caries 
found in the anterior interproximal but including the incisal corner, belongs to Class 
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IV. Class V dental caries is found in the gingival at facial and lingual areas and 
Class VI in the cusp tip (Black 1908).   
 
Class I Occlusal areas and buccal or lingual pits 
Class II Posterior interproximal 
Class III Anterior interproximal 
Class IV Anterior interproximal including the incisal corner 
Class V Gingival at facial or lingual 
Class VI Cusp tip 
 
Table 1. G.V. Black’s Classification of Carious Lesions (Taken from 
University of Southern California (Black 1908). 
 
It is also important to be able to evaluate the stages of caries lesion activity directly 
through clinical and microbiological inspection.  Lesions have previously been 
sorted according to physical criteria based on “location, size, and 
presence/absence of cavitations or depth of penetration” (Nyvad and Fejerskov 
1997).  It has been argued, however, that these standards are no longer adequate 
given the expression of less obvious changes in modern populations, such as low 
caries progression rates.  Thus, Nyvad and Fejerskov (1997) have proposed the 
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following criteria for identification of active and arrested carious lesions in dentine 
(Nyvad and Fejerskov 1997) (Table 2). 
 
Signs and symptoms 
of the lesion 
Active Arrested 
Color of surface layer lightly pigmented darkly pigmented 
Consistency of surface 
layer 
soft, friable, necrotic mass leathery and hard 
Pain usually painful to cold, 
sweets and acids 
Usually not painful 
Age frequent in children generally in older age 
group 
Progress rapid, usually exposing the 
pulp 
slow, intermittent 
process 
 
Type of dentine under 
surface layer 
painful, decalcified dentine painless, sclerotic and 
pigmented dentine 
 
Table 2. Criteria for identification of active and arrested carious lesions in 
dentine (taken from Miller, 1959; Nyvad and Fejerskov 1997). 
Mount and Hume (1998) proposed a new classification of dental caries which 
includes the usage of restorative materials and their effect on carious lesions. Site 
1 is fissures, pits and enamel on the occlusal surfaces of posterior teeth. Site 2 is 
the proximal enamel immediately below areas in contact with adjacent teeth. Site 3 
is the cervical one-third of the crown (Mount and Hume 1998). They also identified 
four sizes of carious lesions. Size 1 has minimal involvement of the dentine and 
can be treated with remineralisation alone. Size 2 is moderate involvement of the 
dentine. Size 3 requires the tooth to be explored to enlarge the cavity. Size 4 is 
when extensive loss of the bulk of the tooth has occurred. Mount and Hume, 
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further propose that crown/root surface defects within a tooth result from four 
causes, namely: developmental defects in the enamel surface; bacterial caries; 
chemically stimulated dissolution or erosion; or physical abrasion (Mount and 
Hume 1998).  
 
2.6 Dental pulp response to carious process 
 
According to histological studies, early enamel caries leads to morphological 
changes in odontoblasts and dental pulp (Langeland 1987, Bjorndal and Darvann 
1999). The response of the dental pulp tissue begins after enamel caries reaches 
the enamel-dentine junction (EDJ) (Bjorndal and Mjor 2001). Carious lesions 
spread laterally at the EDJ (Bjorndal and Darvann 1999). The dentine-pulp 
complex functions to protect the pulp through deposition of mineral within dentinal 
tubules and/or activating reactionary dentine formation (Arana-Chavez and Massa 
2004; Lee et al., 2006). 
Odontoblasts express Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4) 
and therefore have capacity to detect both pathogens and also damaged structure 
(Veerayutthwilai et al., 2007). 
Advanced caries within dentine is characterised by reduction of the original 
odontoblast population and differentiation of pulpal cells into odontoblast-like cells 
(Fausser et al., 1993). After the cell death of original odontoblasts, odontoblast-like 
cells form reparative dentine (D'Souza et al., 1995). The damaged pulp lying under 
the carious lesion shows evidence of cell proliferation and neo-vascularization 
close to the damaged area (Magloire et al., 1992; Heyeraas et al., 2001).  
Chapter II, Literature review 
 
    27 
 
During caries penetration into dentine, bacterial organic acids expose and 
demineralise dentinal collagen (Chaussain-Miller et al., 2006). Following 
demineralisation by bacterial acids, tissue matrix metalloproteinases (MMPs) are 
implicated in destruction of dentine organic matrix (Tjaderhane et al., 1998; 
Chaussain-Miller et al., 2006).  
2 6.1 Non-collagenous proteins (NCPs) of dentine 
The major component that supplies up to 90% of the organic material of dentine is 
collagen type I (Levine, 1967). NCPs supply some 10% of the dentine organic 
matrix and are important for dentinogenesis (Linde 1989; Butler and Ritchie 1995; 
Tamaki et al., 2013). Bone sialoprotein (BSP), dentine matrix protein 1 (DMP1), 
dentine sialophosphoprotein (DSPP), enamelin (ENAM), matrix extracellular 
phosphoglycoprotein (MEPE), and osteopontin (OPN) are glycophosphoproteins 
expressed in bones and/or teeth. These calcium-binding phosphoproteins of teeth 
and bone have been grouped in a separate family, namely SIBLING (small 
integrin-binding ligand, N-linked glycoproteins) proteins (Fisher and Fedarko 
2003). Dentine matrix protein 1 (DMP1) is one of the important SIBLINGs 
expressed by odontoblasts involved in dentinogenesis (George et al., 1993; 
Narayanan et al., 2003). 
Matrix degradation products and bacterial components reconcile responses 
through ligation of TLRs. These could be competitive and balancing to signals 
generated by DMP1 interactions with alterative receptors, following mobilisation of 
this ligand from dentine matrix (Charadram et al., 2013). 
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Phosphorylated dentine matrix acidic phosphoprotein-1 (DMP-1) was mobilised 
from physiological dentine and detected in reactionary dentine despite profound 
down-regulation of dmp-1 expression by reactive odontoblasts (MacDougall et al., 
1998). It was therefore postulated that during the carious process phosphorylated 
DMP-1 mobilised from the matrix could be recognised by odontoblast receptors 
thereby contributing to the response typical of reactionary dentine formation 
(MacDougall et al., 1998). This was interpreted to indicate that events within the 
lesion could also modulate odontoblast response patterns (Charadram et al., 
2013). 
2 6.2 Regulation of reactionary dentine formation by odontoblasts 
Odontoblasts produce both a collagenous network and associated non-
collagenous matrix proteins to provide the structural framework and nucleation 
sites for deposition of adjusted hydroxyapatite nano-crystals forming composite 
mineralised protein fibres (Boskey 1992). This mineralised matrix is permeated by 
a system of open channels, termed dentinal tubules (Arola et al., 2007). The 
greater part of a tubule is engaged by odontoblastic processes and is filled with 
mineral-rich fluid (Arola et al., 2007). In reactionary dentine odontoblast processes 
remain encased within twisted tubules (Charadram et al., 2013). While secreting 
matrices form inter-tubular dentine, odontoblastic processes retract from their 
original position at the dentino-enamel junction toward the dental pulp (Gotliv and 
Veis 2007).   
In reactionary dentine the helical structure presents effective limitation of tubule 
lumen diameter that creates an evident barrier to bacterial penetration towards the 
dental pulp (Charadram et al., 2013). Extension of odontoblast processes through 
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reactionary dentine demonstrates the capacity of odontoblasts and their processes 
to regulate mineralisation (Farahani et al., 2010). Tubular structures and radically 
altered mineral composition of reactionary dentine are consistent with reduction of 
hardness and increased elasticity of this matrix. Accordingly, the secretory 
behaviour of odontoblasts in response to polymicrobial invasion creates a shock 
absorber against increased masticatory load caused by loss of tooth structure due 
to the carious lesion (Farahani et al., 2010).  
2.7 The Role of GFAP, Vimentin, S100B, and collagen type IV in 
dental tissue injury 
 
Dental pulp has a complex network of nerves (Farahani, Simonian et al. 2011), 
which structurally, histologically, and functionally, appear similar to that found 
throughout the mammalian gut (Jessen and Mirsky 1985) and central nervous 
system (Arwill et al., 1973). Glial cells within the enteric system are rich in glial 
fibrillary acidic protein (GFAP) (Farahani et al., 2010). GFAP associates with 
S100B in astrocytes of the central nervous system (Arwill et al., 1973; Selinfreund 
et al., 1991; Canzobre and Rios 2010).  
2.7.1 GFAP 
Damage to the central nervous system causes an increase in GFAP expression 
reflecting a glial response (Li et al., 2005). GFAP contributes to the shape, 
movement and structure of astro-glial cells (Farahani et al., 2011). These cells are 
associated with odontoblasts and may play a regulatory role (Farahani et al., 
2010). Toluidine blue staining indicated structural changes in odontoblastic and 
odontoblast-like cells in carious teeth. Immunoreactivity for GFAP was present in 
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granular cell processes surrounding odontoblasts in both carious and non-carious 
teeth (Farahani et al., 2010). Expression of GFAP in caries-free teeth was 
observed but with a more intense reaction detected in carious teeth with a stronger 
signal in sites adjacent to the carious lesion (Farahani et al., 2010). 
According to Farahani et al., 2011 three distinct cell populations could be detected 
adjacent to odontoblasts: glial fibrillary acidic protein (GFAP)(+) seracytes, 
S100(+) telacytes, and HLA-II(+) alacytes were recognized in peripheral human 
dental pulp. There was evidence that peripheral dental pulp has a neurosensory 
organ structure (Farahani et al., 2011).  
2.7.2 S100B 
S100 calcium binding protein B or S100B is a protein of the S-100 protein family 
(Selinfreund et al., 1991). The S100B homodimer is expressed in cells of the 
central nervous system including glial cells and in certain peripheral cells, such as 
Schwann cells, melanocytes, adipocytes and chondrocytes. S-100 protein is not 
"glia-specific" but is a useful marker for glial cells (Wang and Bordey 2008). S100B 
is a calcium binding protein that is strongly expressed by astrocytes (Wang and 
Bordey 2008; Farahani et al., 2010). 
2.7.3 Vimentin 
Vimentin is a major constituent of the intermediate filament family that supports the 
integrity of quiescent cells and is expressed in normal mesenchymal cells (Satelli 
and Li 2011). Over-expression of vimentin is frequently associated with increased 
migration/invasion capacity of cells. Expression of vimentin has been observed in 
the odontoblastic layer of both caries-free and carious teeth (Farahani et al., 2010; 
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Murakami et al., 2012). The expression of vimentin messenger RNA was highest 
in pulp tissue among a variety of human tissues (Murakami et al., 2012). RNA 
interference knock down of vimentin expression in pulp cells significantly reduced 
migratory activity (Murakami et al., 2012). 
2.7.4 Collagen Type IV  
Distribution of collagen IV-like immuno-reactivity was very similar to laminin-like 
immuno-reactivity in basement membranes of blood vessels and Schwann cells 
(Arwill et al., 1973; Fried et al., 1992). Accordingly, type IV collagen is a reliable 
marker to outline vascular profiles in pulp tissue. 
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Materials and Methods 
 
3.1 Processing of specimens 
In this study, caries-free (n = 15) and carious permanent molar or premolar teeth 
(n = 37) from patients, age group 20–45 years old, extracted for relief of pain, or 
periodontal or orthodontic treatments, were collected.  The Ethics Committee of 
Sydney West Area Health Service approved the study. All patients received written 
information on the research and signed a consent form. The selected carious teeth 
did not have any restorations, with the original caries from occlusal lesions 
extending through enamel to more than two thirds of the depth of the dentine. The 
carious human teeth were divided into 3 groups depending on disease stage; 
Stage A where teeth had advanced enamel cavitations; Stage B lesions had 
moderate dentine involvement while Stage C lesions had advanced dentinal 
cavitations without pulp exposure (Figure 3.1). Carious lesion progression was 
confirmed through visual observation coupled with patient symptoms, pulp 
sensitivity tests and radiographic evidence.  Teeth were processed as shown in 
Table 3.  
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           A   
 
 
 
 
Figure 3. 1. Classification of carious lesions:  
(A) Advanced enamel cavitations with minimum dentine involvement = Stage A, 
moderate dentinal cavitations = Stage B, and advanced dentinal cavitations 
without pulp exposure = Stage C.  
To evaluate the impact of carious insult, four zones were arbitrarily assigned from 
the site adjacent to maximum penetration of the lesion through dentine (Z1) to 
removed sites Z2 to Z4. Example of zones is shown in a Stage C carious lesion. 
Images from Toluidine blue stain (B). Template for image analysis of specimens 
(C). 
 
Stage A Stage B Stage C 
B C 
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Caries-free Stage A 
 
Stage B 
 
Stage C 
Resin embedding 9 5 6 7 
Frozen sections 6 6 7 6 
Total 15 11 13 13 
 
      Table 3. The number of samples: number of caries-free and carious 
lesion teeth according to the methods of preparing samples. 
The samples were divided into 3 groups: Stage A where teeth had advanced 
enamel cavitations; Stage B lesions had moderate dentin involvement while Stage 
C lesions had advanced dentinal cavitations without pulp exposure.   
 
3.2 Resin embedding 
Immediately after extraction, teeth were cleaned and scored vertically into dentine 
using a diamond disc, Thin-Flex, Abrasive Technology, Chicago, IL (Farahani et 
al., 2011). To protect the sample from overheating, ample water was used for 
cooling the teeth. Teeth were then split using sterile hand instruments. To check 
the stage of the carious lesion and the distance from the dentine-enamel junction 
to the nearest pulp border, photographs of fixed split teeth halves were taken 
under a dissecting stereomicroscope, Leica MZ8; Germany (Charadram et al., 
2012). 
Stages 
Methods 
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The tooth half containing the pulp was fixed in 2% paraformaldehyde/5% sucrose 
in 0.02 M phosphate buffer (Farahani et al., 2011), pH 7.4 (680 mOsm) for 2 h at 
4 °C. Then the fixed sample was demineralised in Morse’s solution, 22.5% formic 
acid+ 10% sodium citrate (Domon et al., 1999) for three days; dehydrated through 
gradual solvent exchange to 100 % ethanol and embedded at 4C in a glycol 
methacrylate (Farahani et al., 2012) using an embedding kit according to the 
manufacturer’s protocol. Serial sections of 1 µm thickness were cut on a Reichert 
Ultracut microtome (Leica, Germany). Sections were floated on a water bath 
(37C), collected by using coated glass slides (SuperFrost Plus, Menzel-Gläser, 
Braunschweig, Germany), and dried at room temperature (Farahani et al., 2011) 
3.3 Frozen sections 
The tooth half containing the pulp was fixed in 1% paraformaldehyde for 3 h, 
washed in PBS and EDTA (pH 7.0) for 5-6 days, changing EDTA every day and 
equilibrated in 30% sucrose for 3 to 5 days at 4C. Enamel and the majority of 
dentine was trimmed using a diamond disc (Thin-Flex, Abrasive Technology, 
Chicago, IL). Ample water was used to cool the sample. The specimen was 
embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, 
NC) for 5 min, and frozen in liquid nitrogen. The samples were stored at 20C. 
After checking the orietntation of pulp components in sections stained with 
Toluidine blue, 40 µm sections were prepared and stored at 80C until required 
(Farahani et al., 2011). 
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3.4 Immunohistochemistry 
For resin embedded (1 µm) and frozen (40 µm) sections, samples were placed in 
0.5M NH4Cl in 0.1M PBS for 30 min and washed for 5 min in PBS (pH 7.3). The 
samples were blocked in incubation buffer containing 0.1 M PBS, 1% BSA, 0.1% 
Tween-20 and 5% normal goat serum or 5% normal rabbit serum, for 1 hour. 
Sections were incubated overnight at 4˚C in each of the primary antibodies: 
polyclonal rabbit anti-GFAP (2.9 µg/ml, cat. no. Z0334, Dako); polyclonal rabbit 
anti-S100B (4 µg/ml, cat. no. Z0311, Dako); mouse monoclonal anti-vimentin 
(1:1000, cat. no. 08-0052, Zymed, San Francisco, CA); mouse monoclonal anti-
collagen type IV (1 µg/ml, C1926, Sigma) diluted in the same incubation buffer. 
Sections were incubated with secondary antibodies, goat anti-mouse Alexa 594 
(1:500, Invitrogen) or goat anti-rabbit Alexa 488 (1:500, Invitrogen) at room 
temperature for 1 hour, washed with TBS for 35 minutes and mounted. 
 
3.5 Fluorescence in situ hybridization (FISH) 
 
      Stages 
Methods           Caries-free Stage A 
 
Stage B 
 
Stage C 
FISH 2 4 6 5 
            Table 4. Samples for FISH 
Fluorescence in situ hybridization (FISH, Table 4) was carried out by treating the  
sections with 0.2 M HCl for 10 min, washed with de-ionised water and treated with 
1% Triton X-100 for 90s and washed again with de-ionised water (Nadkarni et al., 
2010). Digestion was performed at 37°C with proteinase K, lysozyme and 
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mutanolysin as described previously (Nadkarni et al., 2010), to facilitate 
penetration of the probe into the bacteria. Sections were incubated in 25% 
formamide overnight at 46°C  using a Hybaid OmniSlide system (Hybaid) followed 
by washing at 48°C using the Hybaid wash module. Finally, each slide was rinsed 
with 2 rinses of ice-cold water and dried with cool air. Slides were cover-slipped 
using ProLong Gold antifade reagent (Molecular Probes) and stored in the dark at 
40C (Charadram et al., 2012).  
For 3-D reconstruction using frozen (40 µm) sections, 40-50 images of 0.8 µm step 
size were acquired as a Z-stack by confocal laser microscopy. 3D images were 
reconstructed and viewed using confocal acquisition software (FV10-ASW 1.7). 
Bacterial invasion through dentine was captured by fluorescence in-situ 
hybridization (FISH).  
 
 
3.6 Analysis of glial cells stained with toluidine blue  
Resin sections stained with toluidine blue were used to evaluate the general 
architecture of the lesion. The number of glial cells was compared with 
odontoblasts and odontoblast-like cells based on morphological criteria. 
Odontoblasts were identified based on bright non-granular cytoplasm and large 
nuclei, while glia were identified by characteristic granular cytoplasm. Images were 
captured using an Olympus BX60 microscope, equipped with a Leica DFC 500 
camera. Ten random fields (Figure 3.1 B) were selected in each zone (objective: 
Olympus 60X/Water and 20X/Dry) and the cells were brought into focus under 
bright-field conditions. All images prepared with Leica software version LAS V2.7 
were stored and exported as TIF image files.  
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3.7 Analysis of distribution pattern and density of GFAP, S100B, 
vimentin and collagen type IV  
The abundance of GFAP, S100B, vimentin and collagen type IV was analysed in 
the pulp of caries-free and carious samples using confocal laser scanning 
microscope. All confocal images were captured with an Olympus Fluoview (FV) 
1000, equipped with Olympus FV 10-MCPSU (405 nm, 473 nm, 633 nm) and NTT 
Electronic Optiλ (559 nm) lasers (Ye et al., 2013). Fields were selected at random 
[objective: Olympus 40X/1.30/0.20 (WD) Oil UPLFLN] and the views were brought 
into focus under bright-field conditions (Ye et al., 2013)]. Ten random regions of 
interest in the odontoblastic layer (Fig. 3.1 B) were analysed extending from Zone 
1, the site adjacent to the maximum penetration of the carious lesion in dentine 
(Figure 3.1 Stage A to Stage C). Fluorescence images were captured using 
confocal acquisition software (FV10-ASW 1.7), stored and exported as TIF files 
(Ye et al., 2013) and analysed using Image J software (version 1.410).  
 
Images were analysed using ImageJ (version 1.41o; National Institutes of Health). 
For this analysis, random regions of interest (ROI) were selected. The distribution 
pattern of GFAP, S100B, vimentin and collagen type IV in each region were 
analysed using the Plot Profile analysis tool (ImageJ version 1.41o; National 
Institutes of Health). The plot displays column average, the x-axis representing the 
horizontal distance and y-axis, vertical average pixel intensity. Ten random ROI 
from at least five samples of each group were analysed (Appendix 1). The protein 
framework was also analysed by calculating fractal dimensions (DF) using the box 
Chapter III Materials and Methods 
 
    40 
 
dimension method (DB) to provide an indication of how the fractions fill the space 
completely is calculated based on the formula below: Fractal dimensions (DF) = 
log Nε/log ε When N = the number of parts and ε = scale The fractal dimensions 
which define the “self-similarity” between parts of the network to the whole image 
in the particular area was calculated and plotted to the graph using a box counting 
dimension method (DB) according to the formula below: (DB) = limε→0 [log Nε/log 
ε] When N = the number of parts and ε = scale where the limit is found as the 
slope of regression line (m). The slope of the regression line (m) and the 
correlation (r2) were calculated according to the formula below: m = (nΣSC–
ΣSΣC)/(nΣS2–(ΣS) 2) r2 = [(nΣSC- ΣSΣC)/√ [(nΣS2–(ΣS) 2)(nΣC2-(ΣC)2)]2 When 
S = log of scale or size, C = log of count, n = number of sizes, m = slope of the 
regression line and r2 = the correlation for the regression link (Plotnick et al., 
1993). 
 
3.8 Statistical analysis 
SPSS statistical software (SPSS v.16; Chicago, Illinois, US) was used for the 
statistical analysis of data. All data are presented as mean ± SD. Statistical 
significance was compared between GFAP, S100B, vimentin and collagen Type IV 
in pulps of caries-free teeth and carious teeth (adjoining and removed from carious 
lesion). A p value < 0.05 was regarded as statistically significant. 
 41 
 
  
  
  
  
 
 
 
 Introduction 
 Comparison of odontoblasts and glial cells 
 Abundance of GFAP+ cells in different stages of 
            carious lesion progression 
 Star-shaped glia, juxtaposed to odontoblasts and with 
gene expression profile analogous to astrocytes, was 
identified as reactive elements  
 Vascular response 
 3-D reconstruction images and detection of bacteria by 
FISH  
 
 
 
 
 
 
 
 
 
 
 
 
Chapter IV 
Results 
Chapter IV- Results 
    42 
 
 
Results 
 
 
4.1 Introduction 
 
All carious teeth studied showed a typical gradient response of reactionary dentine 
secreted by a preserved odontoblast layer. A reparative dentine response was not 
prominent in any of the teeth analysed for the present report where none of the 
study teeth showed evidence of microbial invasion of dental pulp. This was 
confirmed by in-situ hybridization using a universal probe for bacteria. 
 
4.2 Comparison of odontoblasts and glial cells 
 
The peripheral aspect of human dental pulp demonstrates three distinct layers; an 
odontoblastic layer, a cell-free zone, and a cell-rich vascular zone (Figure 4.1 A). 
Two different cell types were observed in the odontoblastic layer; odontoblasts 
with bright non-granular cytoplasm and large nuclei, and glia with granular 
cytoplasm (Figure 4.1B). Within the odontoblast layer, there was evidence for 
increasing proportions of glial cells in the first stage (Stage A) of development of 
carious lesions (Figure 4.1 C). This response was uniform extending from the site 
adjacent to microbial penetration (Zone 1) to remote sites (Zone 4).  There was a 
decrease in density of glial cells in advanced disease, particularly in Zone 1 of 
Stage C lesions (Figure 4.1 C). 
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Figure 4.1. Analysis of cell populations within the zones.  
 
(A) Haematoxylin and eosin (HE) staining of dental pulp showing an intact 
odontoblast layer: dentine (DT), pre-dentine (PD), odontoblasts (OD), cell-free 
zone (CF), and cell-rich zone (CR). Bar: 40 μm. (B) Two different cell types where 
observed in the odontoblast layer; odontoblasts with bright non-granular cytoplasm 
and large nuclei (red dots on cells) and glial cells with granular cytoplasm (white 
dots on cells). Bar: 10 μm. (C) For quantitative analysis ten random regions of 
A B 
C 
DT 
PD 
OD 
CF 
CR 
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interest in the odontoblast layer were selected beginning from the site adjacent to 
the carious lesion (Zone 1) and extending from this site to sites remote from caries 
(Zone 4). Randomisation was achieved by de-focusing, incremental movement of 
the stage and re-focusing the microscope. A comparison was made of proportions 
of glial cells: relative to total population comprising odontoblasts and glia in the 
odontoblast layer in Zones 1 through 4 at different stages of lesion progression.  
 
4.3 Abundance of GFAP+ cells in different stages of carious 
lesion progression 
 
In caries-free teeth GFAP+ cells were scattered throughout the odontoblast layer 
(Figure 4.2 A). Increased abundance of GFAP+ cells in pulp tissue in Zone 1 of 
Stage A lesions was evident (Figure 4.2 F). This presented as both intense 
infiltration of the odontoblast layer (Figure 4.2 B and 4.2 F) but with extension 
through the cell-free zone to the underlying vascular zone (Figure 4.2 B). In Stage 
A lesions infiltration of the odontoblast layer by GFAP+ cells was also evident at 
sites extending from the focus of microbial invasion, that is Zones 2-4, although 
with reduced intensity (Figure 4.2 F). In Stage B lesions the response in Zone 1 
was concentrated in the odontoblast layer (Figure 4.2 C) where there was 
progressive reduction in intensity with distance from the focus of microbial invasion 
(Figure 4.2 F). In advanced Stage C lesions there was apparent collapse of 
GFAP+ cell networks in the odontoblast layer in Zone 1 (Figure 4.2 D and 4.2 F) 
although these were preserved in Zone 3 (Figure 4.2 F).  
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Figure 4. 2. Patterns of GFAP staining in health and in different stages of 
carious lesion progression. 
  
(A) GFAP expression in a caries-free tooth showing reactivity localised to the 
odontoblast (OD) layer. (B) Increased expression of GFAP in Zone 1 of Stage A 
carious lesion. (C) Increased GFAP expression in Zone 1 of Stage B carious 
lesion compared to caries-free tooth, but decreased expression compared to 
Stage A of carious lesion.  (D) GFAP expression in Zone 1 of Stage C carious 
lesion is increased compared to caries-free tooth, but decreased compared to 
equivalent regions of Stage A and B carious lesions.  (E) In contrast, GFAP 
expression is increased in Zone 4 of Stage C carious lesion. Bars, 30 µm. (F) 
Histogram showing the pattern of GFAP expression in different stages and zones 
of carious lesions (n = 19) compared to caries-free teeth (n = 6). ** P < 0.01, *** P 
< 0.001 (paired  t-test) 
 
Figure 4 3: GFAP+ cells (GFAP: green) in 
odontoblastic layer cell-rich zone of dental 
pulp GFAP (green) odontoblast (blue) 
(Scale bar=20μm) 
 
Image (Figure 4.3) showing Bipolar GFAP+ cells.  
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4.4 Star-shaped glia, juxtaposed to odontoblasts and with gene 
expression profile analogous to astrocytes, was identified as 
reactive elements 
 
Cell processes reactive for the glial marker S100B were present as a continuous 
network concentrated adjacent to the dentine margin and extending through the 
odontoblast layer (Figure. 4. 4 A). The intensity of these networks increased in 
Zone 1 of Stage A lesions (Figure. 4. 4 B and 4. 4 F). Also prominent was the 
vertical extension of S100B  processes through the cell-free zone to the underlying 
cell rich vascular zone (Figure 4. 4 B) As for cells strongly reactive for GFAP+, 
S100B+ reactive networks extended through to Zone 4 of Stage A lesions. The 
pattern of response was essentially preserved in Stage B lesions (Figure. 4. 4 C 
and 4. 4 F). In advanced Stage C lesions there was dismantling of networks of 
S100B+ cells in Zone 1 (Figure. 4. 4 D and 4. 4 F) while these networks were 
relatively preserved in the other zones, particularly in Zone 4 (Figure 4. 4 E and 4. 
4 F). 
Figure 4. 4.  Patterns of S100B staining in health and in different stages of 
carious lesion progression (in below).  
(A) S100B expression in a caries-free tooth. (B) and (C) Increased S100B 
expression in Zone 1 of Stage A and B lesions compared to caries-free tooth. (D) 
In Zone 1 of Stage C carious lesions S100B expression is decreased but remains 
high in Zone 4 (E); Bars, 30 µm. (F) Histogram pattern of S100B expression in 
different stages and zones of carious lesions (n = 19) compared to caries-free 
teeth (n = 6), ** P < 0.01 , *** P < 0.001 (paired t-test). 
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Figure 4. 5. shows an advanced carious lesion in 3-D reconstruction images of 
dual staining with GFAP and S100B indicated the two different glial cell types: glia 
strongly reactive for glial fibrillary acidic protein (GFAP) in green and glia reactive 
for S100B in red, while odontoblasts are shown in blue. 
MergedMerged
D E F
20µm
A B C
DAPI GFAP S100B
 
Figure 4. 5. Spatial relationship for GFAP and S100B in Zone 2 of an 
advanced carious lesion.  
Image showing compressed Z-stack images acquired by confocal laser 
microscopy: (A) Odontoblast nuclei stained with DAPI (in blue); (B) glial cells 
stained for glial fibrillary acidic protein (GFAP) (in green); (C) glial cells stained for 
S100B (in red); (D) merged image showing DAPI together with GFAP and S100B 
staining; (E) merged image showing GFAP plus S100B; (F) showing a differential 
interference contrast (DIC) image of tissue structure. Bars, 20 µm. 
Chapter IV- Results 
    50 
 
For comparison, the distribution of the intermediate filament protein vimentin was 
also studied. Vimentin was expressed by both odontoblasts and glial cells. It is 
apparent from the data in Figure 4.6 that vimentin did not show expression 
responsiveness to the encroaching carious lesion.  
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Figure 4. 6. Vimentin expression localised to the odontoblast layer: 
(A) Caries-free tooth. (B) Representative Stage A carious lesions.(C) 
Representative Stage B carious lesions. (D) Representative Stage C carious 
lesions. (E) There is no significant change for vimentin in different stages and 
zones compared to caries-free teeth. Bars, 20 µm. 
 
 
4.5 Vascular response 
 
Vascular profiles in the cell-free zone were assessed by reactivity for type IV 
collagen. While vascular profiles were rarely detected within the cell-free zone of 
caries-free teeth (Figure 4. 7A) there was a marked increase in the number of 
such vascular profiles extending through the cell-free zone to a position adjacent 
to the odontoblast layer in Zones 1-4 of Stage A lesions (Figure 4. 7F). This 
response was preserved in Stage B lesions (Figure 4. 7F). There was, however, 
marked reduction of vascularity in the cell-free zone in advanced Stage C lesions 
(Figure 4. 7F). In Stage A, the majority of the vascular profiles adjacent to the 
odontoblast layer were typical capillary loops (Figure 4. 8B). In contrast, in Stage 
C lesions the profiles were highly variable including large sinusoidal vessels 
(Figure 4. 8E and 4. 8F).  
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Figure 4. 7. Microvascular profiles disclosed by staining for type IV collagen.  
(A): Caries-free tooth. (B, C and D): showing increase in microvascular profiles in 
Zone 1 of Stage A lesions but decrease in Zone 1 from Stage B to Stage C 
lesions. Increased microvascular density is maintained in Zone 4 of Stage C 
lesions (E); Bars, 30 μm. (F): Histogram showing density of microvascular profiles 
in the cell-free zone of carious lesions (n = 19) compared to caries-free teeth (n = 
6), * P < 0.05, ** P <0.01, *** P < 0.001 (paired t-test). 
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Figure 4. 8. Analysis of pulp blood vessel networks (red arrows) by toluidine 
blue staining in caries-free and carious teeth.  
In Stage A, the majority of the vascular profiles adjacent to the odontoblast layer 
were typical capillary loops. In contrast, in Stage C lesions the profiles were highly 
variable including large sinusoidal vessels. (A) Caries-free tooth. (B) Zone 1 of 
Stage A carious lesion. (C) and (D): Zones 1 and 2 of Stage B lesions. (E) and (F): 
Zones 1 and 3 of Stage C lesions.( Bars, 40 µm). 
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4.6 3-D reconstruction images and detection of bacteria by FISH  
 
3D images were reconstructed and viewed using confocal acquisition software 
(FV10-ASW 1.7) (Figure 4. 9).   
 
  
 
 
 
 
 
 
 
 
     
 
 
 
Figure 4. 9. Showing 3-D reconstruction images acquired by confocal laser 
microscopy for an advanced carious lesion.  
(A) to (C): different angle of 3-D reconstructions using 40 µm frozen sections and 
viewed by confocal acquisition software, 40-50 images of 0.8 µm step size were 
acquired as a Z-stack by confocal laser microscopy (collagen type IV in green; 
S100B in red, while odontoblasts are shown in blue. OD: odontablast; PD: pre-
dentine; DT: dentine) Bars, 20 µm. 
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Accumulation of bacteria was evident at the border of physiological and 
reactionary dentine, while few bacteria were detected within the reactionary 
dentine in stage B and Stage C lesions. Probing with the universal bacterial FISH 
probe indicated a positive reaction for bacteria only in advanced carious lesions in 
frozen section samples. There was no reaction for universal bacterial probe in 
stages A and B (Figure 4. 10). 
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Figure 4. 10. FISH images of an advanced carious lesion.  
Representative frozen section probed with universal bacterial FISH probe. (A) and 
(B): merged images showing no bacterial invasion of dental pulp. (C) and (D): 
merged images indicating positive reaction for bacteria (green color) only in 
dentinal tubules in dentine (DT). No bacteria were observed in dentinal tubules in 
dentine of caries-free teeth (data not shown). Odontoblast (OD) nuclei stained with 
DAPI in blue, while differential interference contrast (DIC) images are shown in 
grey color. Bars, 20 µm.  
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Stage A lesions were characterized by cavitation of enamel overlying dentine. 
Two apparent sources of stimulation or signalling accompanying this structural 
failure are microbial products and perception of altered occlusal load. The 
response to either or both of these stimuli was a marked alteration of the density 
and configuration of glial networks. This was most intense adjacent to affected 
hard tissue but with lateral spread also evident.  
Cells reactive with anti-GFAP antibody (seracytes) were characterized as 
phenotypically similar to radial glial cells of the central nervous system (Farahani, 
et al., 2011). Inter-odontoblastic seracytes are distinct in anatomical location and 
gene expression profile from postnatal stem cells isolated from the central region 
of dental pulp (Gronthos, et al., 2000, Miura, et al., 2003); and are also distinct 
from dental pulp stromal cells derived from dental pulp mesenchymal stem cells 
(Marchionni, et al., 2009; Pivoriuunas, et al., 2010). Seracytes are GFAP+/nestin+ 
multi-potent glial cells demonstrating bipolar morphology similar to radial glial 
cells of the CNS. These cells express OCT4 and SOX2 transcription factors. The 
HMG-box transcription factor Sox2 is a common marker for multi-potential neural 
stem cells and progenitor cells in the CNS including the neural retina (Ellis et al., 
2004). OCT4 and SOX2 are also part of the core transcriptional regulatory 
network of human embryonic stem cells (Boyer et al., 2005). In an analogous 
situation, Müller glia in retina possess a similar transcriptional profile 
(Ramachandran, et al., 2010), express GLUL (Roesch, et al., 2008) and show 
similar anatomical features (Reichenbach, et al., 1993) to seracytes. Considering 
both expression profile and anatomical proximity to odontoblasts, seracytes may 
play a role in modulating the reported plasticity of the odontoblastic layer 
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(Hattyasy 1961; Byers, et al., 2003; Mitsiadis and Rahiotis 2004) possibly by 
neural differentiation (Anthony, et al., 2004) that is compatible with the extensive 
networks formed in response to caries. Thus while odontoblasts in mature teeth 
have been considered as terminally differentiated cells, they show remarkable 
adaptation to carious insult, particularly in the synthesis of reactionary dentine in 
a gradient of response extending from the zone of most extensive microbial 
penetration of dentine (Farahani, et al., 2010; Charadram, et al., 2012; 
Charadram, et al., 2013). Evidence was obtained that GFAP+ networks mediated 
this gradient response (Farahani, et al., 2010). 
In the deeper cell-rich zone containing the microvasculature, a dense network of 
S-100B+ cells contacting capillaries was identified. The S-100B+ cells did not 
express type IV collagen and showed a ramified structure extending processes to 
contact odontoblasts. Lack of a basement membrane and an arborized 
morphology clearly distinguished these cells from Schwann cells. The term 
telacyte [lt. tela: web] was proposed by us for these cells. Telacytes were 
characterized as astrocyte-like glia by low level expression of GFAP where the 
product was not detected immuno-histochemically but showed high expression of 
S100B mRNA in accord with immunologically detected expression of this protein 
(Farahani, et al., 2011). These cells also expressed genes encoding vascular 
endothelial growth factor (VEGF) (Virtej,  et al., 2013), nerve growth factor (NGF), 
and low-affinity nerve growth factor receptor (P75 NTR) (Woodnutt, et al., 2000). 
Telacytes also expressed genes coding for enzymes involved in metabolic 
recycling of glutamate, namely glutamine synthetase (GLUL) (Bucher, Stahl et al. 
2013) and the glutamate transporter (GLT-1) (Lundgaard, et al., 2013). 
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Odontoblast expression of ionotropic glutamate receptors (NMDARs) (Han, et al., 
2013) accords with signals mediated by telacyte glutamate. Telacytes express 
CaBP1 (Li, et al., 2013) and Calb-1 (German, et al., 1997), encoding EF-hand 
calcium binding proteins, calcium-binding protein-1 and calbindin-1. Telacytes 
also expresssed AldhL1 (encoding aldehyde dehydrogenase 1 family, member 
L1),and an astrocyte-specific marker (Cahoy, et al., 2008). These cells showed a 
remarkable transition from caries-free to caries-affected teeth. The extensively 
branched morphology changed to that of essentially bipolar cells extending from 
the odontoblasts to the microvasculature.  
In response to carious insult highly branched telacytes re-aligned as bipolar cells 
to provide a scaffold to support a directed angiogenesis characterized by 
vascular loops extending towards the odontoblast layer (Farahani, et al., 2012). 
The role of astrocytes in the maintenance of blood vascular barrier phenotype is 
well established (Abbott, et al., 2006). Astrocytes enhance physical properties of 
the blood-barrier microcirculation by reinforcing endothelial tight junctions 
(Wolburg, et al., 1994; Hamm, et al., 2004). Trans-endothelial trafficking of 
molecules is also regulated by astrocytes via control of the expression and polar 
localization of transporters (McAllister, et al., 2001). Following dentinal injury, the 
functional activity of odontoblasts is significantly altered(Charadram, et al., 2013). 
An important aspect of the adaptive response of odontoblasts to carious insult is 
the synthesis of reactionary dentine (Smith, et al., 1995, Smith, et al., 2001). The 
synthesis of reactionary dentine demands up-regulation of metabolic activity of 
odontoblasts (Lee, et al., 2006; Farahani, et al., 2010). Carious insult results, 
initially, in up-regulation of the message for HIF-1α, interpreted as indicating 
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hypoxic stress in responding odontoblasts. A compensatory angiogenic response 
enhances metabolic capacity of odontoblasts as evidenced by down-regulation of 
HIF-1α in regions of active synthesis of reactionary dentine (Farahani, et al., 
2012). Features of the angiogenic response including adaptive remodeling of all 
elements of the blood-barrier assembly in parallel with microvascular changes 
resulting in maintenance of barrier phenotype during angiogenesis. Tight 
junctions and basement membrane of the remodeling microvasculature remain 
intact at all stages (Farahani, et al., 2012). Accordingly, vascular profiles are 
reliably outlined by immunohistological staining for basement membrane 
proteins. In the present study type IV collagen was strongly labeled providing key 
information on vascular density and vessel profiles.  
These observations are consistent with previous studies where an increased 
density, and a notable development of afferent peptidergic innervations, was 
recorded in early stages of pulp response (Byers and Sugaya 1995; Rodd and 
Boissonade 2002). Further, numerous studies on dental pulp innervation have 
shown that sensory nerve ﬁbers are dynamic elements which react to injury and 
inﬂammation by sprouting and altered cytochemical phenotype (Byers and Narhi 
1999). Studies on various human tissues have shown that the physiological roles 
of S100B are pleiotropic and include neurotrophic and neuroprotective functions 
mediated by calcium-dependent regulation of phosphorylation, enzyme activation 
and proliferation (Donato 2001, Donato 2003) On the other hand, high 
concentrations of S100B are associated with apoptosis in neuronal cell cultures 
(Selinfreund, et al., 1991; Barger, et al., 1992). 
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One possible interpretation of the decline of GFAP+ networks in peripheral pulp 
sites adjacent to advancing bacteria is that the cells have undergone maturation 
processes to become astrocytes or neurons (Barresi, et al., 1999). The 
synchronous loss of telacyte networks and appearance of sinusoidal-like 
expansion of the ascending vascular loops implies, however, a degenerative 
change with loss of function.  
In relation to a potential causative mechanism, previous analysis disclosed the 
significance of certain species of lactobacilli in the invasion into vital pulp tissue 
from dentin (Nadkarni, et al., 2010). Lactobacillus rhamnosus was found to 
predominate and whole genome sequencing of isolates from infected pulps 
(Chen, et al., 2013) confirmed key differences from reference probiotic strains. 
These included a modified exopolysaccharide cluster characteristic of clinical 
isolates and that related to encapsulation of lactobacilli located deep in dentine 
(Nadkarni, et al., 2010). Clinical isolates were found to encode L-lactate 
dehydrogenase and D- lactate dehydrogenase to convert pyruvate to lactate as 
no lactate racemase was detected (unpublished studies). Within the 
microenvironment of dentine these metabolic products could modulate 
neurosensory odontoblast activity. Thus L-lactate is a preferred nutrient for orexin 
neurons (Parsons and Hirasawa 2010). 
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Conclusion 
Investigation of the expression and distribution of the glial markers GFAP and 
S100B indicated a major extension of peripheral pulpal glial networks in response 
to degradation of matrices and polymicrobial invasion of dentine. It is noteworthy 
that the earliest detectable microbial penetration into dentine is associated with a 
widely distributed glial response. Collectively, the research from our laboratory 
provides a basis for understanding adaptive capacity manifest by production of 
radically altered dental matrix to contain infection.  
 
The expression patterns of GFAP, S100B, vimentin and collagen type IV have 
been characterized in both early and advanced lesions. Findings from the work of 
this thesis provide a basis for dissection of mechanisms that activate a protective 
reactionary dentine response. Further, the collapse of the glial and vascular 
networks observed in advanced caries foreshadows a mechanism that is driven 
by bacterial invaders. There is now a basis for definitive studies aimed at 
promoting and preserving the protective response as a key component of more 
conservative management of advanced caries. 
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Appendix 1 
 
Ten random ROI from five samples of each group were analysed for lacunarity (λ) 
and fractal dimensions (DB). Each region was analysed from the ROI by using 
Image J (version 1.41o; National Institutes of Health) and analysed by FracLac 
plugin (ImageJ version 1.41o; National Institutes of Health). 
Lacunarity (λ), a scale-dependent measurement of gaps or heterogeneity of 
texture, was calculated based on the formula below: 
Lacunarity (λ) = (σ/µ)2 
Where λ = lacunarity, σ = standard deviation and µ = mean for pixels per box. 
In order to plot the ln of λ to ln-ln regression line for λ and ε (scale), the individual 
lacunarity was calculated according to the formula below: 
F λ = 1+(λ) = 1+(σ/µ)2 
Where F = foreground pixels, σ = standard deviation and µ = mean for pixels per 
box. 
Where the structure in the image is completely homogeneous, the standard 
deviation (σ) for each calculated area is zero, which makes individual λ equal to 1 
(1+0). Therefore in a plot of the ln of λ to ln-ln regression line for λ and ε (scale), 
the completely homogeneous image will present a slope of zero which leads to the 
interpretation of no rotational or translational variance and no gaps (Dubuc et al. 
1989.  
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GFAP 
Caries-free 
  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 
CASE 1 0.02 1.07 0.02 0.01 0.04 0.19 0.14 0.11 1.03 0.03 
CASE 2 0.11 0.03 0.20 0.27 0.03 0.07 0.38 0.17 0.03 0.16 
CASE 3 0.18 0.10 0.65 0.01 0.23 0.33 0.07 0.11 0.05 0.18 
CASE 4 0.22 0.01 0.19 1.10 1.03 0.61 0.61 0.68 0.07 0.70 
CASE 5 0.63 0.03 0.13 0.01 0.13 0.24 0.02 0.11 0.03 0.21 
mean 0.23 0.25 0.24 0.28 0.29 0.29 0.24 0.23 0.24 0.26 
Std. Err 0.05 0.07 0.09 0.02 0.07 0.09 0.01 0.01 0.10 0.01 
 
STAGE A 
  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 
CASE 1 1.03 0.93 0.98 0.89 0.77 0.77 0.58 0.69 0.79 0.82 
CASE 2 0.77 0.84 0.68 0.84 0.70 0.65 0.51 0.70 0.58 0.56 
CASE 3 0.89 0.84 0.93 0.68 0.77 0.68 0.89 0.69 0.93 0.84 
CASE 4 1.10 1.07 0.82 0.70 0.70 0.89 0.98 0.91 1.03 1.00 
CASE 5 0.51 0.56 0.70 0.77 0.63 0.77 0.68 0.77 0.56 0.51 
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CASE 6 0.83 0.80 0.79 0.75 0.70 0.73 0.69 0.69 0.69 0.66 
mean 0.85 0.85 0.84 0.81 0.77 0.71 0.75 0.72 0.74 0.76 
Std. Err 0.02 0.13 0.07 0.05 0.03 0.02 0.03 0.07 0.04 0.08 
 
STAGE B 
  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 
CASE 1 0.61 0.63 0.58 0.58 0.54 0.51 0.49 0.51 0.51 0.49 
CASE 2 0.91 0.63 0.65 0.56 0.58 0.58 0.54 0.56 0.44 0.49 
CASE 3 1.00 0.93 0.84 0.68 0.65 0.77 0.70 0.63 0.51 0.61 
CASE 4 0.86 0.86 0.91 0.79 0.82 0.77 0.65 0.65 0.65 0.68 
CASE 5 1.03 1.00 0.93 0.89 1.00 0.84 0.75 0.61 0.65 0.63 
CASE 6 0.69 0.67 0.70 0.63 0.64 0.58 0.57 0.51 0.48 0.50 
mean 0.85 0.85 0.84 0.81 0.77 0.71 0.75 0.72 0.74 0.76 
Std. Err 0.02 0.13 0.07 0.05 0.03 0.02 0.03 0.07 0.04 0.08 
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STAGE C 
  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 
CASE 1 0.26 0.37 0.26 0.42 0.49 0.37 0.37 0.35 0.44 0.42 
CASE 2 0.26 0.23 0.40 0.26 0.23 0.23 0.23 0.28 0.44 0.37 
CASE 3 0.23 0.26 0.13 0.37 0.42 0.42 0.58 0.56 0.68 0.61 
CASE 4 0.07 0.19 0.43 0.30 0.33 0.28 0.40 0.42 0.51 0.61 
CASE  5 0.14 0.25 0.53 0.32 0.68 0.33 0.38 0.38 0.45 0.43 
CASE 6 0.25 0.30 0.43 0.29 0.35 0.33 0.38 0.38 0.45 0.43 
Mean 0.23 0.25 0.24 0.28 0.29 0.29 0.24 0.23 0.24 0.26 
Std. Err 0.11 0.21 0.11 0.21 0.19 0.09 0.11 0.11 0.20 0.11 
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Multiple Comparisons 
Within tooth rank correlation % and depth 
LSD 
(I) STAGE (J) STAGE 
Mean 
Difference 
(I-J) Std. Error Sig. 
95% Confidence 
Interval 
Lower 
Bound 
Upper 
Bound 
Caries-free STAGE A -.88950 .47834 .105 -2.0206 .2416 
STAGE B -1.27930* .43841 .022 -2.3160 -.2426 
STAGE C -.868950 .77834 .305 -25606 .2326 
STAGE A Caries-free .88950 .47834 .105 -.2416 2.0206 
STAGE B -.38980 .38268 .342 -1.2947 .5151 
STAGE C -.347880 .38268 .362 -1.4547 .5828 
STAGE B Caries-free 1.27930* .43841 .022 .2426 2.3160 
STAGE A .38980 .38268 .342 -.5151 1.2947 
STAGE C -.34986 .37898 .389 -1.6747 .7895 
STAGE C Caries-free 1.4783* .49021 .022 .2326 2.487 
STAGE A .38980 .38268 .342 -.5951 1.2988 
STAGE B .35660 .3855 .342 -.5951 1.2678 
*. The mean difference is significant at the 0.05 level. 
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 Label  Area  Mean  StdDev  Mode  Min  Max  X  Y  XM  YM  Perim.  BX  BY  Width  Height  Major  Minor  Angle  Slice  
1  No.1-
2_C002.tif  
1.21E-
05  
5.73  5.067  0  0  51  0.007  0  0.007  0.018  0.014  0.005  0.016  0.003  0.003  0.004  0.004  0  1  
2  No.2-
2_C002.tif  
1.21E-
05  
3.969  6.749  0  0  85  0.014  0  0.014  0.021  0.014  0.013  0.019  0.003  0.003  0.004  0.004  0  1  
3  No.3-
2_C002.tif  
1.34E-
05  
2.422  5.16  0  0  84  0.004  0  0.003  0.003  0.015  0.002  0.002  0.004  0.004  0.004  0.004  90  1  
4  No.4-
2_C002.tif  
1.34E-
05  
4.525  6.498  0  0  85  0.007  0  0.007  0.007  0.015  0.005  0.006  0.004  0.004  0.004  0.004  90  1  
5  No5-
2_C002.tif  
1.34E-
05  
1.088  3.284  0  0  69  0.014  0  0.013  0.011  0.015  0.012  0.009  0.004  0.004  0.004  0.004  90  1  
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Circ.  Feret  IntDen  Median  Skew  Kurt  %Area  
0.785  0.005  6.91E-05  5  1.684  6.531  0  
0.785  0.005  4.79E-05  2  4.992  39.847  0  
0.785  0.005  3.24E-05  0  4.118  27.307  0  
0.785  0.005  6.05E-05  1  1.923  5.819  0  
0.785  0.005  1.46E-05  0  7.77  94.29  0  
 
Table 5. Example of statistical analysis of GFAP
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